The effect of ozonation on wine distifiery wastewater was investigated firstly by monitoring the effect of ozonation on the composition of the wastewater and, secondly, by investigating its effect on the biodegradabifity of the wastewater. An average COD reduction of 271 mg COD.g 031 was found for wastewater from a distillery pond system. Stable microbial populations, which are found in upflow anaerobic sludge blanket (UASB) granules, were used to determine the toxic effect of wastewater on microbial activity. Granule activity was measured in terms of the rate of biogas and methane production, as well as cumulative biogas volume. Low ozone doses (200 to 400 mg 03.L-1) increased granule activity in terms of biogas, methane production, and cumulative gas volumes. Distifiery wastewater reduced the activity of granules, most likely due to the presence of polyphenols and other recalcitrant compounds in the distillery wastewater.
INTRODUCTION
The production of ethanol from wines by distillation processes results in a high-strength acidic wastewater (Beltrán et al., 2000) . Wine distillery wastewater (DWW) typically has a high content of suspended solids and contains residual organic acids, soluble proteins, carbohydrates, as well as various inorganic compounds (Water Research Commission, 1993; Van Schoor, 2000) . Distillery wastewater is acidic (pH 3.5 -5.0) and is characterised by a high organic content (sugars, alcohol, phenols and polyphenols, and lipids), with a chemical oxygen demand (COD) in the range of 10 000 to 60 000 mg.L' (Benitez et al., 1999; MartIn et aL, 2002) . Ideally, the easiest way to dispose of these wastewaters would be by irrigation. In terms of Section 39 of the National Water Act of 1998, wastewater must either be treated prior to discharge into a water resource, or disposed of by some alternative method. If left untreated, this wastewater could potentially contaminate natural water resources and soil, as well as hinder plant growth and create odour problems. For irrigation to take place, the quality of the effluent must comply with the stipulated requirements (Department of Water Affairs and Forestry, 2004) .
Current treatment options include aerobic systems, activated sludge, aeration of dam wastewaters, anaerobic bacteria, artificial wetlands, physicochemical treatments or combinations of the above treatments (Van Schoor, 2005) . Distillery wastewater is chemically complex and contains a host of phenolic compounds, some of which resist biodegradation (MartInet al., 2002) . In addition, refractory compounds that are present in these wastewaters, such as polyphenols, can be toxic for microorganisms (Alvarez et al., 2001) . Therefore, an investigation is needed to establish which treatment methods are best suited to reach specific effluent quality goals.
A physicochemical step can be applied as a pre-treatment process when strong organic or toxic compounds are present (Wang et al., 1989) . According to Gulyas et al. (1995) and Beltrán-Heredia et al. (2001) , some organic compounds react rapidly with ozone (03). Polyphenols are aromatic compounds that are prone to attack by electrophilic agents such as 0 3 (Alvarez et al., 2001) . The ozonation of aromatic compounds usually increases the biodegradability of the wastewater (MartIn et al., 2002) . Generally, the main areas where 0 3 is used for the treatment of wastewaters are disinfection, and the oxidation of organic and inorganic compounds, including the removal of taste, odour, colour and particles (Gottschalk et al., 2000) . Duff et al. (2002) found that an 0 3 treatment of log water runoff reduced COD by 22%, but increased the overall biological oxygen demand (BOD). This was attributed to the conversion of the high molecular weight COD to lower molecular weight compounds capable of exerting a BOD influence. Dogruel et al. (2002) also found that pre-ozonation resulted in a limited COD removal (14%), while McLachlan (2004) reported a 20% reduction in the COD of cellar effluent at a concentration of 73 mg 0 3.L 1.
Complete cleansing of wastewater pollutants will not be feasible with the adoption of a single treatment process. Combinations of chemical and biological treatments are often the only way to optimise the overall process (Andreozzi et al., 1998) . Therefore, the aim of this study was to establish whether 0 3 could be used to improve the biodegradability of DWW. of ozonation on the composition of the wastewater and, secondly, by investigating the effect of ozonation on the biodegradability of the wastewater by using the activity of anaerobic UASB granules as an index. MATERIALS AND METHODS Characterisation of wastewater streams from a distifiery A distillery in the Boland region of South Africa has an existing treatment system consisting of a primary settling pond, followed by three further holding ponds (Fig. 1 ). The first pond receives wastewater directly from the distillery and therefore assists in settling the solids contained in the wastewater. In the second pond, aerobic aeration takes place to lower the organic load of the effluent, while the third and fourth ponds allow for further settling of suspended solids. In a study initiated by the ARC Infruitec-Nietvoorbij in 1998, a constructed wetland system was being investigated as an additional treatment method to "polish" the effluent from the final holding pond (third pond).
A preliminary study of the composition of the DWW effluent from the third pond was done to characterise the variation in DWW during the "peak season" and "off season". For the remainder of the study, DWW was obtained from the outlet of the third pond ( Fig. 1 ) during 2004. The wastewater (unozonated and ozonated) was stored in 25 L drums at -18°C. During the investigation, drums were thawed as required and kept at 4°C. Tap water was used to dilute the wastewater to the desired COD levels used in the trials.
Ozonation of distifiery wastewater
To determine the effect of ozonation on the composition of DWW, ozone was applied by using an 0 3 generator (Parc Scientific, Ifafi) that produced 03 at a concentration of 4.82 g.h -1 and a flow rate of 4 L.min-1 as detennined by the lodometric Method (APHA, 1998) . Diluted and undiluted DWW was pre-ozonated at room temperature in a glass bubble column. The glass column had a height of 104 cm, a diameter of 10 cm and a volume of 2 L. It contained two sintered discs at the top and bottom of the column. The function of the bottom sinter was to allow better gas bubble distribution, and the function of the top sinter was to reduce the loss of wastewater through foaming. The sample was poured into the bubble colunm and was ozonated for the predetermined time/ ozone dose combination.
In order to investigate the efficiency of ozonation on DWW with different COD loads, a dilution series of DWW was prepared. Each DWW dilution was ozonated with a 400 mg 0 3.L-1 dose. The COD reduction in each dilution was determined to allow calculation of the 0 3 efficiency in terms of COD (mg) removed per mg 0 3 over a range of COD loads.
Analytical methods
The following wastewater parameters were monitored according to standard methods (APHA, 1998): pH, alkalinity, total solids (TS), total suspended solids (TSS), total volatile solids (TVS) and total volatile suspended solids (TVSS). Conductivity was determined using a Hanna Instruments (H18733) conductivity meter. The COD and orthophosphate phosphorous (P0 43 ) were determined colorimetrically using a DR2000 spectrophotometer (Hach Co. Loveland, CO) and standardised procedures (APHA, 1998). The total polyphenol content was determined using the Folin-Ciocalteau method (Singleton & Rossi, 1965) . All analyses were done in triplicate.
The biogas composition was determined using a gas chromatograph (Varian 3300). A 0.2 mL sample of biogas was injected into the gas chromatograph, using helium (He) as a carrier gas at a flow rate of 30 mL.min 1, with the oven temperature set at 55°C. The gas chromatograph was equipped with a thermal conductivity detector and a 2.0 m x 3.0 mm internal diameter colunm packed with Hayesep Q (Supelco, Bellefonte, PA) and a 80!100 mesh.
Upflow anaerobic sludge blanket (LJASB) granule activity to measure wastewater toxicity

UASB granule selection
A UASB granule activity test method described by O'Kennedy (2000) and Sigge (2005) was used as an index of biodegradability. This method was chosen as it is easy to use, relatively sensitive and not time-consuming. Bacteria such as the methanogens in UASB granules are especially sensitive to toxic compounds in wastewaters (Benitez et al., 1999) . Therefore, a stable microbial population, such as that found in UASB granules, could be used to determine the toxic effect of a wastewater on the microbial activity, and thus serve as an index of biodegradability.
Activity tests were performed on UASB granules according to a method described by O'Kennedy (2000) and Sigge (2005) . Granule activity was measured by the rate of production of biogas (S b) and methane (CH) (Sm) Granules that had been obtained from various UASB reactors and stored at 4°C were used. The granules originated from UASB reactors at two different distilleries, a beer waste treatment plant, a fruit canning effluent plant, a winery and a mixture of these granules. The activity of the granules from the various UASB reactors was compared so as to select the most active granule set. These granules would be used in the trial to determine the effect of ozonation on the biodegradability of the DWW.
To activate the granules for the activity tests, 500 g of granules were incubated at 35°C for 48 h in activation media (Table 1 ) in a volume ratio of 1:2, and this was replaced with fresh activation media after 24 h. The composition of the activation media (in mg.L-1) was: glucose 1 000; K 2HPO4 500; and urea 500. This was done to activate the metabolic activity of the various bacterial groups in the granules, which had been kept dormant at 4°C during storage. Once the 48 h activation period was completed, the granules were drained and then prepared for the trials to determine the effect of ozonation on the biodegradability of DWW.
Effect of ozonation on biodegradability ofD WW
The drained granules were divided into five 60 g sample portions and placed in five separate 500 mL Schott bottles. Each granule sample (60 g) was exposed to a differently ozonated (in terms of ozone dose) wastewater to determine the effect on activity. The different ozonation doses used to prepare the DWW for the activity test trial were 0, 200, 400, 800 and 1200 mg 0 3.L-1.
After 24 h of exposure to the five differently treated DWW, the effluents were decanted off and freshly prepared wastewaters were added. This cycle was repeated four times, thus over a period of 96 h. The initial activity of the UASB granules was determined directly after the activation step and served as a control. The effect of the five different pre-treatments on granule activity was determined by measuring the activity directly after 96 h of exposure to the DWW.
Granules from each of the five exposure trials were subjected to an activity test. Duplicate granule samples (3 g) for three activity test mediums for each of the five exposure trials were placed in 20 mL glass vials (five treatments in duplicate for three activity mediums = 30 vials). Each vial received 13 mL of the specffic activity test medium. The three media used were the basic test media (BTM) ( Table 1) , glucose test media (GTM) and acetic acid test media (ATM). The BTM is not specffic for any microbial group and was used to determine the starting granule activity. The GTM and ATM were used to measure the activity of the acidogens and acetoclastic methanogens respectively (Sigge, 2005) . The composition of the GTM and ATM had BTM as base, with the addition of 2 000 mg.L-1 glucose and 1 000 mg.L -1 acetic acid respectively. The vials were sealed with butyl septa and capped with aluminium caps, before being incubated at 35°C. After 5, 10,25 and 40 h incubation, biogas was sampled by inserting a free moving 10 mL syringe with a 12 gauge needle through the septa. This allowed the biogas volume to be determined. The biogas composition was deteimined by means of gas chromatography.
RESULTS AND DISCUSSION
Characterisation of distillery wastewater streams
The composition of DWW has been shown to vary considerably from day to day (Bezuidenhout et al., 2002) . This is mainly due to the seasonal nature of the product, steam production, cooling, and floor and equipment wash down (Water Research Cominission, 1993) . The composition of the wastewater collected for this study during 2004 showed a wide variation. These variations are summarised in Table 2 .
Ozonation of distifiery wastewater
Due to the variation in the composition of the DWW shown in Table 2, an investigation was conducted to determine the efficiency of ozonation on DWW using a COD range (Fig. 2) . It can be seen from the data in Fig. 2 that there is a decrease in the COD reduction efficiency of ozone as the wastewater COD increases. Fig. 2 also shows that the COD reduction of the wastewater decreased as the COD content increased. A 38% reduction was obtained with the 250 mg COD.L -1 dilution, but this decreased to 3% for the 3 500 mg COD.L-1 dilution. This would suggest that, as expected, the ozone is rapidly depleted in the oxidation process and no further hydroxyl radical formation occurs to increase the oxidation potential. The COD reductions achieved in the pre-wetland wastewater equate to an average COD reduction of 271 mg COD.g 0 3 1. Therefore it can be calculated that 3.69 g of ozone will be needed to break down 1 g of COD in DWW wastewater from the third pond.
The data in Table 3 summarise the average effect of direct ozonation on the untreated wastewater. The ozonation resulted in a COD reduction of 37%, reducing the COD from 2 000 to 1 260 mg.L-1. It is known that ozonation tends to increase alkalinity due to the precipitation of carbonates as a result of the mineralization of organic compounds (Alvarez et al., 2001) , and this could be the reason for the increase in alkalinity from 1150 to 1 737 mg.L -1 . The precipitation of carbonates may also contribute to the increase in the content of solids, which increased from 2.70 to 3.55 g.L-1 . Polyphenol reduction was only 1%, and this is due to the fact that the initial levels in the untreated wastewater were very low. Colour decreased from a UV 254 nm absorbance level of 2.11 to 1.80, and this can probably be attributed to ozone's ability to directly attack the C double bonds in aromatic and chromophoric molecules, leading to the formation of 'bleached' products, like aliphatic acids, ketones and aldehydes (Gottschalk et al., 2000) .
Activity Tests
Selection ofgranules
A preliminary selection study was done to determine which type of granule would be the most suitable to study the effect of ozonation on the biodegradability of DWW. Granule activity was measured in terms of the production of biogas and methane. Cumulative biogas and methane volumes were measured and are shown in Tables 4 and 5 respectively.
From the data in Table 4 it can be seen that the granules from two different distilleries and the set from a winery were the most active in terms of biogas production for all three test evaluation media at 5, 10 and 40 h.
In terms of methane production, the two distillery and the winery granules showed the highest activity at 5, 10 and 40 h for all three test media ( Table 5 ). The differences between these three granule types, in terms of methane production, and the other granules were less pronounced.
From the data presented in Tables 4 and 5, it is evident that the highest cumulative biogas production occurred in the GTM, followed by the ATM. It is expected that the GTM, which is specffic for acidogens, should result in the highest production of gas. It is interesting to note that, for the two distillery and the winery granules, the ATM resulted in a higher production of biogas and methane than found for the BTM. As the ATM is specffic for the acetoclastic methanogens, these results suggest that this methanogenic population is well developed and represented in these granules. Thus, the acidogens and the acetoclastic methanogens are active in these granules, making them suitable to be used in further activity tests to determine the effect of ozonation on the biodegradability of DWW. Although the granules from the two distilleries and the winery UASB reactors were similar in cumulative production of biogas Cumulative biogas volumes (mL) produced over the 40 h incubation period by granules exposed to distillery wastewater (DWW) treated with various concentrations of 0 3, and by a control, in the basic (BTM), glucose (GTM) and acetic acid test media (ATM). Volumes are averages of duplicate measurements (within 10% of each other).
Incubation time (h) Granule treatment
Test medium 5 10 25 40 and methane gas, it was decided to use the granules from the Distillery 1 UASB reactor for further biodegradability studies.
Effect of ozonation on the biodegradability ofDWW
The effect of ozonated wastewater on the activity of anaerobic granules is shown using the cumulative production of biogas and methane of the granules in BTM, GTM and ATM (Tables 6 and 7) . The effect of DWW (ozonated and unozonated) can be seen when examining the cumulative biogas volume data presented in Table 6 . The overall activity of the control granules, in terms of cumulative production of biogas in BTM, GTM and ATM, was higher than that of the granules exposed to the DWW over the 40 h incubation period. This is mainly due to the higher production of gas achieved after 5 h incubation (Table 6) , and can be ascribed to the fact that the granules did not need to first acclimatise to the DWW Cumulative biogas volumes in BTM, GTM and ATM for the granules exposed to ozonated DWW (200 and 400 mg 0 3.L-1) were slightly higher than for the granules exposed to unozonated DWW (0mg 03.L-1). This would suggest that lower ozonation doses are beneficial to increasing the biodegradability of DWW As was the case with the cumulative biogas volumes, the effect of DWW (ozonated and unozonated) can be seen from the cumulative methane volumes listed in Table 7 . The overall activity of the control granules, in terms of methane production in BTM, GTM and ATM, was higher than that of the granules exposed to DWW over the 40 h period. This is mainly due to the higher gas production achieved after 5 h incubation (Table 7) , and can be ascribed to the fact that the granules did not need to first acclimatise to the DWW. It can also be seen from Table 7 that the overall activity of the granules exposed to ozonated DWW (200 and 400 mg 0 3.L-1), in terms of methane production in BTM, GTM and ATM, was slightly higher than that of the granules exposed to unozonated DWW (0 mg 03.L-1) and to higher dosages of ozonation (800 and 1200 mg 03.L-1). This could again indicate a beneficial application in terms of biodegradability when applying low ozone doses to DWW Wine distillery wastewater is known to be toxic to microbial populations as a result of polyphenol concentrations that are often high (Alvarez et al., 2001; MartInet al., 2002) . The DWW used in this study contained polyphenols (Table 3 ) and therefore it is reasonable to assume that the control granules should have exhibited the highest activity due to not being pre-exposed to polyphenolcontaining DWW As expected, the cumulative volumes of biogas and methane showed that the control granules produce more biogas over the 40 h period for BTM, GTM and ATM (Tables 6  and 7 ). However, exposure of granules to DWW ozonated at 200 mg 03.L-1 resulted in a higher cumulative volume of biogas and methane than from the 0 mg 0 3.L-1 dose.
From the data for cumulative biogas volumes (Tables 6 and 7) , it would appear that lower ozone doses (i.e. 200 and 400 mg 03.L-1) were beneficial in increasing the biodegradability of DWW. It can also be deduced that DWW itself reduces the activity of granules, most likely due to the presence of polyphenols and other recalcitrant compounds in DWW. This is evident from the lower activity of the unozonated DWW compared to the control granules. CONCLUSIONS The DWW used in this study was characterised and found to show large variations over time. These variations were mainly ascribed to the impact of the production cycle of the distillery.
In this study, ozone was successfully utilised firstly to reduce COD levels in wine distillery wastewater, and secondly to increase the biodegradability of the wastewater. The ozonation of DWW was found to be effective in decreasing COD over a wide range of organic loads. An average COD reduction of 271 mg COD.g 0 3 1 was found for wastewater from the distillery pond system.
Granule activity was measured to determine the effect of ozone on the biodegradability of DWW, and a low dose of ozone was found to increase the biodegradability of DWW. A suitable granule source was selected on the basis of activity in three activity media, after which further activity trials were carried out by exposing the granules to DWW that had received different doses of ozone. It was shown that a low dose of ozone (200 to 400 mg 03.L-1) increased granule activity in terms of biogas, methane production, and cumulative gas volumes. It is known that DWW is toxic to microbial populations due to high COD and polyphenol concentrations (Alvarez et al., 2001; Martin et al., 2002) , and this would have an effect on a biological treatment method. Thus, if an increase in biodegradability can be shown, it could be argued that ozone would have potential as a pre-treatment to further biological systems.
In this study it was shown that the use of ozone has potential as a pre-treatment of DWW, but the effect of ozone still needs to be demonstrated on a more practical scale than just the activity tests. Therefore, the next step would be to investigate the use of ozone as a pre-and/or post-treatment in combination with a biological treatment, namely constructed wetlands.
